Objective: Celastrol was recently identified as a potential novel treatment for obesity. However, the effect of Celastrol on nonalcoholic fatty liver disease (NAFLD) remains elusive. The aim of this study is to evaluate the role of Celastrol in NAFLD. Methods: Functional studies were performed using wild-type C57BL/6J (WT) mice and liver specific Sirt1-deficient (LKO) mice. The molecular mechanism was explored in primary mouse liver and primary hepatocytes. Results: When WT mice receiving a high-fat diet (HFD) were treated with Celastrol, reductions in body weight, subcutaneous and visceral fat content, and liver lipid droplet formation were observed, along with reduced hepatic intracellular triglyceride and serum triglyceride, free fatty acid, and ALT concentrations. Furthermore, Celastrol decreased hepatic sterol regulatory element binding protein 1c (Srebp-1c) expression, enhanced the phosphorylation of hepatic AMP-activated protein kinase a (AMPKa), and increased the expression of hepatic serineethreonine liver kinase B1 (LKB1). Additionally, Celastrol treatment improved glucose tolerance and insulin sensitivity in WT mice fed the HFD. Celastrol administration also improved the anti-inflammatory and anti-oxidative status by inhibiting nuclear factor kappa B (NFkB) activity and the mRNA levels of proinflammatory cytokines and increasing mitochondrial DNA copy number and anti-oxidative stress genes expression in WT mice liver, in vivo and in vitro. Moreover, Celastrol induced hepatic Sirt1 expression in WT mice, in vivo and in vitro. These Celastrol-mediated protective effects in WT mice fed a HFD were abolished in LKO mice fed a HFD. It was more interesting that Celastrol aggravated HFD-induced liver damage in LKO mice fed a HFD by inhibiting the phosphorylation of AMPKa and boosting the translocation of NFkB into the nucleus, thereby resulting in the increase of Srebp-1c expression and the mRNA levels of liver proinflammatory cytokines. Conclusions: Celastrol ameliorates NAFLD by decreasing lipid synthesis and improving the anti-oxidative and anti-inflammatory status. And Sirt1 has an important role in Celastrol-ameliorating liver metabolic damage caused by HFD.
INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD), characterized histologically by hepatic steatosis, is currently the most common chronic liver disease worldwide. NAFLD is not caused by alcohol consumption or viruses, is not congenital, and does not display autoimmune liver disease markers. NAFLD is emerging as a risk factor for diabetes and cardiovascular disease [1] . The pathologic characteristics of NAFLD comprise a wide spectrum of liver damage, ranging from simple steatosis to nonalcoholic steatohepatitis (NASH) and cirrhosis [2] . The pathogenesis of NAFLD is complex and some risk factors including lipid metabolic disorder, chronic inflammation, and oxidative stress have been shown to play a key role in the pathogenesis of NAFLD [3] .
There are some theories to explain the pathological features of NAFLD, such as the 'two hit' model [4] . The first hit is that insulin resistance causes lipid accumulation in hepatocytes, and the second hit is that cellular insults result in inflammation and fibrosis from oxidative stress, mitochondrial dysfunction, lipid peroxidation, and cytokine activity [5] . Additionally, hepatocyte death caused by the defect of hepatocyte regeneration and oxidative stress inhibiting the replication of mature hepatocytes represents the proposed 'third hit' in NAFLD pathogenesis [6] . However, another view has been proposed that free fatty acids can also directly cause toxicity by increasing oxidative stress and activating inflammatory pathways [6] . Silent mating type information regulation 2 homolog 1 (Sirt1) plays a crucial role in the DNA damage response, carcinogenesis, and the regulation of lifespan, which are all mediated by its nicotinamide adenine dinucleotide (NAD þ )-dependent deacetylase activity. Sirt1 and its activators play a key role in lipid and glucose homeostasis and insulin sensitivity via regulating mitochondrial biogenesis and boxidation, and improving anti-inflammatory activities [7] . Previous studies indicated that the activation of Sirt1 in the liver protects against high-fat diet (HFD)-induced metabolic damage [7e10] . Celastrol, also known as tripterine, was originally identified from traditional Chinese medicine and used for the treatment of cancer and some inflammatory diseases. In addition, Celastrol has been shown to be a very potent inhibitor of lipid peroxidation in mitochondria by direct radical scavenging. Moreover, it can prevent the attack of oxygen radicals on the inner mitochondrial membrane by increasing its negative surface charge [11] . Recently, Celastrol was identified as a leptin sensitizer and potential novel treatment for obesity [12, 13] , and Celastrol-treated mice exhibited a decrease in liver weights due to reduced hepatic steatosis and intrahepatic triglycerides accumulation [13] . However, whether Sirt1 mediates the effect of Celastrol on NAFLD has remained elusive.
In this study, we report that Celastrol ameliorates NAFLD by decreasing lipid synthesis and improving the anti-oxidative and anti-inflammatory status. However, Celastrol aggravates liver metabolic damage in liver specific Sirt1-deficient mice fed a HFD through inhibiting the phosphorylation of AMP-activated protein kinase a (AMPKa) and boosting the translocation of nuclear factor kappa B (NFkB) into the nucleus, thereby increasing expression of Srebp-1c and the mRNA levels of liver proinflammatory cytokines.
MATERIALS AND METHODS

Animal protocols
Wild-type C57BL/6J (WT) male mice, approximate 6 weeks of age were purchased from the Model Animal Research Center of Nanjing University (Nanjing, China). Mice with floxed alleles of Sirt1 were crossed with mice that express Cre recombinase driven by the albumin promoter (Jackson Laboratory) in the liver to generate liver specific Sirt1-deficient (LKO) mice, which express a Sirt1 mutant protein in liver. The LKO mice bear a conditional deletion of Sirt1 exon 4, which encodes 51 amino acids of the conserved Sirt1 catalytic domain [14] . All mice were housed in individually ventilated cages and maintained on a 12 h light-dark cycle. The mice were fed a HFD (60% fat; Research Diets) ad libitum with free access to water. The WT and LKO male mice fed a HFD were intraperitoneally injected with Celastrol 
Mitochondrial DNA copy number
The mitochondrial DNA (mtDNA) copy number was used as a marker for mitochondrial density using qPCR as previously reported [16] . Briefly, total DNA was isolated from liver or hepatocytes using a Universal Genomic DNA Extraction Kit (Tiangen) according to the manufacturer's instructions. The mitochondrial DNA copy number was calculated from the ratio of COX II (mitochondrial-encoded gene)/bactin (nuclear-encoded gene). The primer sequences of COX II and bactin are presented in Supplemental Table S1 .
Measurement of mitochondrial ROS accumulation
Mitochondrial reactive oxygen species (ROS) accumulation was measured as previously reported [17] . In brief, intracellular production of mitochondrial ROS was measured using MitoSOX Red (Molecular Probes). For this assay, primary hepatocytes were plated in six-well plates. Cells were treated with Celastrol or DMSO. After 24 h, cells were trypsinized, harvested, and loaded with MitoSOX Red for 10 min in the dark at 37 C. Next, cells were washed twice with PBS, and fluorescence was measured using flow cytometry (excitation at 510 nm, emission at 580 nm). A minimum of 10,000 cells was acquired for each sample.
Immunofluorescence staining
Primary hepatocytes were fixed in 4% PFA, permeabilized with PBS, 0.2% Triton X-100, and incubated with anti-p65 monoclonal antibodies (ABclonal), followed by incubation with a TRITC-conjugated anti-mouse antibody. Nuclei were stained with DAPI.
Statistical analysis
The quantitative data are presented as the mean AE SD or SEM of three independent experiments. For the statistical analysis, the differences among means values were analyzed by nonparametric independentsample test (SPSS), and p < 0.05 was considered statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001.
RESULTS
3.1. Celastrol alleviates high-fat diet-induced hepatic steatosis in wild type mice As previously reported [12] , Celastrol treatment for 4 weeks decreased the body weight of WT mice fed the HFD by 17% (p < 0.05) ( Figure 1A ). In addition, we also tested daily food intake for two weeks after treatment in WT mice fed the HFD. The daily food intake for the control WT mice fed the HFD treated by DMSO was 2.30 AE 0.03 g mg/kg at 14-weeks-old every two days for 4 weeks). The quantitative data are presented as the mean AE SD or SEM of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, n.s., not significant.
Original Article during the first two weeks of trial ( Figure S1A ). In the Celastrol-treated group, the daily food intake was reduced to 1.80 AE 0.06 g in WT mice fed the HFD ( Figure S1A ). The Celastrol-induced change in body weight was also manifested by a reduction in subcutaneous and visceral fat in the WT mice ( Figure 1B) . Furthermore, we also detected the role of Celastrol in liver steatosis. We found the liver weights of the Celastroltreated WT mice fed the HFD were lower compared to the control group ( Figure S1B ). However, the liver/body weight ratio was not significantly different between the Celastrol-treated WT mice fed the HFD and those in the control group ( Figure S1C ). Chronic HFD exposure causes apparent hepatosteatosis, including the massive accumulations of large lipid droplets and the ballooning degeneration of liver cells, which were clearly reversed by Celastrol treatment in WT mice fed the HFD ( Figure 1C ). The biochemical analysis revealed that Celastrol also reduced hepatic TG and serum TG, FFA, and ALT concentrations of WT mice fed the HFD (Table 1) . Srebp-1c has been reported to be an important transcription factor involved in liver fat metabolism by regulating the expression of genes involved in fatty acid synthesis [18] . In this study, Celastrol decreased the hepatic protein expression of Srebp-1c in WT mice fed the HFD in vivo and in vitro ( Figure 1D and Figure S1D ). In addition, Celastrol also reduced the hepatic mRNA levels of the Srebp-1c target gene, acetyl-CoA carboxylase (Acc), in WT mice fed the HFD and the cellular mRNA levels of Srebp-1c and Acc in primary hepatocytes ( Figure 1E and Figure S1E ). AMPKa is an energy sensor that regulates cellular metabolism including lipid metabolism via down-regulation of Srebp-1c [19, 20] . In WT mice fed the HFD, Celastrol promoted phosphorylation of AMPKa but did not increase AMPKa protein levels ( Figure 1F ). Furthermore, Celastrol increased the hepatic expression of serineethreonine liver kinase B1 (LKB1), a principal upstream kinase for AMPK ( Figure 1F ). To further investigate whether Celastrol plays a role in systemic glucose and insulin sensitivity, we performed the GTT and ITT. Compared to the control group, Celastrol had no obvious effect on basal glucose levels but improved glucose tolerance and insulin sensitivity in WT mice fed on the HFD ( Figure S1F and Figure 1G ).
3.2. Celastrol increases hepatic anti-inflammation and antioxidant capacity HFD-induced obesity leads to chronic inflammation, which is believed to be a key feature of obesity [21] . Previous reports have indicated that the mRNA expression of interleukin 6 (IL-6) and tumor necrosis factor a (TNFa) was significantly increased in the livers of the WT mice fed a HFD [8] . Our results showed that Celastrol inhibited the hepatic mRNA expression of TNFa, IL-6, and IL-1b in vivo and in vitro (Figure 2A and Figure S2A ). Because IL-6 and TNFa are regulated by NFkB, we tested the effect of Celastrol on the p65 subunit of NFkB complex. The results showed that Celastrol inhibited hepatic NFkB expression in vivo and in vitro ( Figure 2B and Figure S2B ). LPS is an inflammatory agent that activates a wide range of responses partly mediated by NFkB. In this study, WT mice fed a standard diet treated by Celastrol had a marked LPS hypersensitivity compared with the controls ( Figure 2C ). Collective studies have suggested that oxidative stress may also contribute to clinical progression from simple fatty liver to NASH [3] . Mitochondria are now widely recognized to have numerous complex functions, including the regulation of oxidative stress and inflammation [22] . In this study, Celastrol increased hepatic mtDNA copy number ( Figure 2D ). Moreover, Celastrol promoted the expression of the antioxidant-related genes Sod2 and Tfam, in vivo and in vitro ( Figure 2E and Figure S2C ). In addition, Celastrol inhibited mitochondrial reactive oxygen species (ROS) production in WT primary hepatocytes ( Figure 2F ).
Celastrol induces hepatic Sirt1 expression
An increasing number of studies have reported that the activation of Sirt1 may affect the pathogenetic molecular cascade and the therapeutic mechanisms of NAFLD [7e10]. Therefore, we tested the effect of Celastrol on hepatic Sirt1 in vivo. The results showed that Celastrolinduced liver Sirt1 mRNA and protein expression ( Figure 3A) . Furthermore, we also tested the effect of Celastrol on Sirt1 expression in primary hepatocytes. We found that the protein expression of Sirt1 was induced in the WT primary hepatocytes in response to different concentrations of Celastrol treatment ( Figure 3B ). In addition, Celastrol also increased the mRNA levels of Sirt1 in WT primary hepatocytes ( Figure 3C ).
Alleviation of HFD-induced hepatic steatosis by Celastrol is abolished in liver specific
Sirt1-deficient mice To further evaluate the molecular mechanism of Celastrol-induced protection for NAFLD, we tested the role of Celastrol in LKO mice fed a HFD in vivo. Although liver specific LKO mice bear a conditional deletion of Sirt1 at exon 4, which encodes 51 amino acids of the conserved Sirt1 catalytic domain, the mutant Sirt1 protein migrates slightly faster than WT Sirt1 in Western blot analyses ( Figure S3A ). Similar to previous reports [23] , LKO mice fed the HFD are also protected from body weight gain ( Figure S3B ). Celastrol had a modest and non-significant effect on the body weights of LKO mice fed a HFD ( Figure 4A ). In addition, like the role of Celastrol in WT mice on HFD, Celastrol also decreased daily food intake in LKO mice on HFD during the first two weeks of the trial ( Figure S4A) . Furthermore, the reductions in Celastrol-induced subcutaneous and visceral fat, liver weight, hepatic TG, and serum TG, FFA, and ALT levels in WT mice fed the HFD were abrogated in LKO mice fed the HFD ( Figure 4B , Figure S4B and Table 1 ). Interestingly, Celastrol increased the hepatic lipid droplet formation and TG concentration in LKO mice fed the HFD ( Figure 4C and Table 1 ). In contrast to the WT mice, Celastrol induced the expression of hepatic Srebp-1c in vivo and in vitro ( Figure 4D and Figure S4C ). And Celastrol increased the mRNA level of hepatic Acc in vivo but not in vitro ( Figure 4D and Figure S4C ). Furthermore, Celastrol decreased the phosphorylation of AMPKa and inhibited hepatic LKB1 expression in LKO mice fed the HFD ( Figure 4E ). Celastrol had no effect on glucose tolerance and insulin sensitivity in LKO mice on HFD ( Figure 4F ).
Celastrol inhibits the expression of proinflammatory factors and antioxidant capacity through Sirt1
We further tested the role of Celastrol on chronic inflammation and oxidative stress in LKO mice fed a HFD. In contrast to the WT mice fed a HFD, Celastrol increased the mRNA expression of liver TNFa, IL-6, and IL-1b in LKO mice fed a HFD, but not in the hepatocytes of LKO mice ( Figure 5A and Figure S5A ). Furthermore, Celastrol also enhanced hepatic NFkB expression in vivo and in vitro and induced NFkB translocation from the cytoplasm to the nucleus ( Figure 5B , C, Figure S5B ). LKO mice fed a standard diet and treated with Celastrol had reduced LPS hypersensitivity compared with the controls ( Figure 5D ). In addition, Celastrol decreased the liver mtDNA copy number in LKO mice ( Figure 5E ). The Celastrol-induced increases in anti-oxidative genes, including Sod2 and Tfam, in WT mice fed the HFD were abolished in LKO mice fed the HFD and the primary hepatocytes of LKO mice ( Figure 5F and Figure S5C) . Finally, the effect of Celastrolinduced mitochondrial ROS reduction was alleviated in the LKO primary hepatocytes ( Figure 5G ). 
DISCUSSION
Many studies have shown that chronic HFD exposure leads to an increase metabolic damage in the liver of WT mice. Our findings showed that Celastrol administration caused a reduction in body weight, food intake, and subcutaneous and visceral fat in WT mice fed a HFD. Additionally, Celastrol decreased lipid droplet formation in the livers of WT mice fed a HFD. Moreover, Celastrol decreased the liver TG and serum TG, FFA, and ALT concentrations in WT mice fed a HFD. Celastrol treatment also improved glucose tolerance and insulin sensitivity in WT mice fed a HFD. The hallmark of NAFLD is hepatic neutral lipid accumulation, mainly triacylglycerol; thus, Srebp-1c, as a key transcription factor regulating hepatic lipid metabolism, has been proposed to have great potential for NAFLD treatment [18] . Our results showed that Celastrol inhibited the expression of Srebp-1c and its target gene, Acc.
As the most extensively studied Sirtuins, Sirt1 has a prominent role in metabolic tissues, such as the liver, skeletal muscle, and adipose tissues. Some studies have indicated that increased Sirt1 expression in the liver protects against HFD-induced metabolic damage by deacetylating Srebp-1c, thus decreasing its expression [8, 9] . In this study, Celastrol increased Sirt1 expression in the liver and primary hepatocytes. Furthermore, Celastrol had a slight and non-significant effect on the body weights of LKO mice fed a HFD. Work from Liu et al. [12] had indicated that Celastrol is a leptin sensitizer and can suppress food intake by increasing leptin sensitivity. Like the role of Celastrol in WT mice on HFD, Celastrol also decreased daily food intake in LKO mice fed a HFD indicating that Celastrol could increase the hypothalamus leptin sensitivity in both WT and LKO mice. In contrast to the role of Celastrol in WT mice, Celastrol had no effect on subcutaneous and visceral fat, and glucose tolerance and insulin sensitivity in LKO mice fed a HFD. However, Celastrol promoted lipid droplet formation and liver TG concentration in the livers of LKO mice fed a HFD and induced an increase in hepatic Srebp-1c in LKO mice. Previous studies have indicated an association between chronic inflammation and hepatic steatosis [6] . Our study showed that Celastrol inhibited hepatic proinflammatory factors, such as TNFa, IL-6, and IL-1b. Previously, it was indicated that the NFkB signaling pathway plays an important role in chronic hepatic inflammation [24] , and HFD exposure was shown to activate the hepatic NFkB signaling pathway. Therefore, increased NFkB activity is associated with the elevated hepatic expression of TNFa, IL-6, and IL-1b [8, 24] . Sirt1 participates in the inflammatory process by deacetylating NFkB, particularly at its subunit, transcription factor p65 [25] . Resveratrol, a Sirt1 activator, can inhibit the upregulation of inflammatory markers, such as intercellular adhesion molecule 1 and TNFa [26] . Kauppinen and colleagues suggested that the regulation of innate immunity and energy metabolism are connected together through an antagonistic crosstalk between NFkB and Sirt1 signalling pathways [27] . Sirt1 inhibits NFkB signalling directly by deacetylating the p65 subunit of NFkB complex and indirectly by activating AMPK, PPARa, and PGC-1a, further inhibiting NFkB signalling. On the other hand, NFkB signalling down-regulates Sirt1 activity through the expression of miR-34a, IFNg, and reactive oxygen species. In this study, our results also showed that Celastrol inhibited the expression of hepatic NFkB and enhanced LPS hypersensitivity in WT mice. However, Celastrol enhanced hepatic NFkB expression and induced NFkB translocation from the cytoplasm to the nucleus in LKO mice. And the Celastrol-induced increase in LPS hypersensitivity in WT mice was also reversed. These results indicate that Sirt1 may be an upstream regulator for Celastrol-induced NFkB decrease. It is well known that mitochondria are essential for cellular energy metabolism and the control of ROS [28, 29] . Oxidative stress, which arises as an imbalance between the production of ROS and the action of antioxidant defense mechanisms, plays a role in the pathogenesis of NAFLD [30] . The present study showed that Celastrol promoted mitochondrial biogenesis and inhibited mitochondrial ROS production. Chronic inflammatory cytokines are also potent stimulators of ROS production, and ROS can induce oxidative stress, with the subsequent activation of inflammatory pathways and mitochondrial damage [31e 33]. Previous studies have shown that Sirt1 has a regulatory effect on oxidative stress in many tissues through reducing the ROS levels and improving cell survival via this antioxidant effect [34] . The antiinflammatory activities of Sirt1 and its activators can reduce the oxidative stress and provide beneficial effects in some disorders, such as obesity, hypertension, and endothelial dysfunction [35] . These Celastrol induced increases in mtDNA copy number and anti-oxidative genes and reductions in mitochondrial ROS in WT mice fed a HFD were abolished in LKO mice fed a HFD. Previous studies indicate that Sirt1
can increase the production of ROS-detoxifying enzymes [36] . Additionally, randomized, double-blind, placebo-controlled human studies have shown that resveratrol decreases the levels of ROS [7] . It is well known that AMPK is an energy sensor that regulates cellular metabolism including lipid metabolism [19] . LKB1 is the principal AMPK kinase that catalyzes the phosphorylation of its catalytic a-subunit [37] . Sirt1 can diminish the lysine acetylation of LKB1, resulting in its own activation, and subsequently that of AMPK [38] . The current study showed that Celastrol promoted the phosphorylation of AMPKa and increased hepatic expression of LKB1 in WT mice fed a HFD. In contrast, Celastrol decreased the phosphorylation of AMPKa and inhibited hepatic LKB1 expression in LKO mice fed a HFD. Some findings have indicated that histone deacetylases 3 (Hdac3) is crucial for the maintenance of hepatic lipid homeostasis by co-localizing with a nuclear receptor co-repressor in chromatin near genes in the mouse liver in a circadian pattern [39] . Furthermore, perilipin 2, which stabilizes lipid droplets and controls lipolysis, can be markedly induced following Hdac3 depletion and The quantitative data are presented as the mean AE SD or SEM of three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001, n.s., not significant.
contributes to both the development of steatosis and improved tolerance to glucose [40] . In the current study, Celastrol inhibited hepatic Hdac3 expression and increased perilipin 2 expression in LKO mice fed the HFD (data not shown). Combined with our above findings that Celastrol increased the expression of NFkB and inhibited the phosphorylation of AMPKa and hepatic Hdac3 expression in LKO mice fed a HFD, this may explain the reason for Celastrol treatment-induced steatosis exacerbation in LKO mice fed a HFD. An increasing number of studies have demonstrated that factors including lipid metabolism disorder, chronic inflammation, and oxidative stress played important roles in the pathogenesis of NAFLD Celastrol reduced hepatic mitochondrial DNA copy number in LKO mice fed a HFD. (F) These Celastrol-induced increases in anti-oxidative genes, observed in WT mice fed a HFD, were abolished in LKO mice fed a HFD and the primary hepatocytes of LKO mice. (G) Celastrol had no effect on mitochondrial ROS production in the primary hepatocytes of LKO mice. The quantitative data are presented as the mean AE SD or SEM of three independent experiments. * p < 0.05, *** p < 0.001, n.s., not significant. [31]. A previous study indicated that Celastrol protects against obesity and metabolic dysfunction through activation of a HSF1-PGC1a transcriptional axis [13] . In the current study, we report that Celastrol can alleviate HFD-induced damage in WT mice fed a HFD by increasing Sirt1 expression, further causing a reduction in Srebp-1c expression and improving the anti-oxidative and anti-inflammatory status (Figure 6 left) . However, Celastrol aggravates HFD-induced liver damage in LKO mice fed a HFD by inhibiting the phosphorylation of AMPKa and increasing NFkB activity (Figure 6 right) . In summary, Sirt1 plays an important role in Celastrol-ameliorating liver metabolic damage caused by HFD.
